The color field of a quark, stripped off in a hard reaction, is regenerated via gluon radiation. The space-time development of a jet is controlled by the coherence time of gluon radiation, which for heavy quarks is subject to the dead-cone effect, suppressing gluons with small transverse momenta. As a result, heavy quarks can radiate only a small fraction of the initial energy. This explains the peculiar shape of the measured heavy quark fragmentation function, which strongly peaks at large fractional momenta z. The fragmentation length distribution, related to the fragmentation function in a model independent way, turns out to be concentrated at distances much shorter than the confinement radius. This implies that the mechanisms of heavy quark fragmentation is pure perturbative.
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PACS numbers:
I. RADIATIVE ENERGY LOSS IN VACUUM
A parton originated from a hard reaction has to regenerate its color field, which was shaken off due to the strong kick acquired at the origin. The latter is characterized by the hard scale of the reaction, Q 2 = q 2 T + m 2 Q , where q T and m Q are the quark transverse momentum and mass respectively. For the sake of concreteness we consider jets, produced in e + e − annihilation, or initiated by a heavy quark produced at the mid rapidity in a highenergy pp collision.
The process of field regeneration is accompanied by gluon radiation, forming a jet of hadrons. These gluons are carrying a part of the total jet energy, and since the radiation process has time ordering, it can be treated as energy dissipation, or vacuum energy loss.
The coherence length of gluon radiation by a heavy quark of energy E is given by the inverse longitudinal momentum transfer
, where x and k are the fractional light-cone (LC) momentum of the gluon and its transverse momentum relative to the jet axis. The Fock components of the quark, |Q and |gQ , get out of phase, i.e. become incoherent, on the characteristic distance, called coherence length,
Thus, gluons are radiated sequentially, in accordance to their coherent lengths, rather than burst simultaneously [1] . small x and large transverse momenta, while gluons with small radiation angles get to mass shell later [2] . The amount of energy, radiated along the quark path length L from the hard collision point can be evaluated as [3] [4] [5] ,
where ω is the gluon energy; Q 2 is the hard scale characterising the process, e.g. the c.m. energy squared s e + e − in e + e − annihilation, or p The spectrum of radiated gluons in (2) has the form,
This expression shows that gluon radiation is subject to the dead cone effect [2] , which implies that gluons with small k
Q are suppressed. Consequently, heavy quarks radiate less energy than the light ones. Moreover, the suppressed part of the radiation spectrum, small k 2 ⊥ , is responsible for gluon radiation at long distances. Therefore, one should expect a faster regeneration of the color field of heavy quarks in comparison with light ones.
Such a behavior can be seen in Fig. 1 , demonstrating the L-dependence of the radiated fraction of energy by different quark species. For this calculation we considered the case of the processes with "maximal" hard scale, like e + e − annihilation, or high-p T production at the mid rapidity, in the collisions c.m. frame. In this situation one cannot vary independently the jet energy E and the scale Q 2 , which are strictly related. Remarkably, the results depicted in Fig. 1 demonstrate that in contrast to light quarks, which keep radiating over a long distance, loosing most of the initial energy, radiation of heavy quarks ceases shortly, and no energy is radiated afterwards, i.e. the color field of heavy quark is restored promptly. Fig. 1 also demonstrate that a hadronizing heavy quark loses only a small part of the initial energy, i.e. the final D or B mesons carry almost the whole momentum of the jet. So the z distribution of produced heavy-light mesons should be concentrated at large values of z. This expectation is confirmed with the direct measurements of the fragmentation functions c → D and b → B in e + e − annihilation [8, 9] . An example of the b → B fragmentation function depicted in Fig. 2 shows that it strongly peaks at z ∼ 0.85. A similar behavior was also observed for the c → D fragmentation function [8] with the maximum of the distribution at z ∼ 0.60 ÷ 0.65.
On the contrary, the fragmentation functions of light quarks to light mesons are known to fall with z steadily and steeply from small z up to z = 1 [10] .
Within perturbative QCD a quark, which restored its color field and does not radiate gluons anymore, can be treated as a free colored particle, contradicting the concept of confinement. However, the nonperturbative effects (color strings) controlling the final stage of hadronization, result in production of only colorless hadrons.
Remarkably, Fig. 1 demonstrates an universal Ldependence of energy loss at short distances for all species of quarks. This happens due to the step function Θ(L − L dead cone [5] , leading to suppression of gluon radiation with transverse momenta,
This bound is practically independent of quark masses, but relaxes gradually with time, reaching the magnitude k
Q , where the dead cone effect related to the quark mass, takes over. At longer distances the heavy and light quarks start radiating differently.
II. PRODUCTION LENGTH OF HEAVY MESONS IN VACUUM
Energy loss for gluon radiation by the heavy quark, as well as retarding by nonpertubative interactions (color string), ceases right after picking up a light antiquark and creation of a colorless heavy-light Qq dipole. The required path length from the origin, we call the production length, L p . The dipole keeps propagating further, developing the wave function of the detected heavy meson, which might be the ground state of Qq, or its excitations. Meanwhile, the b quark inside the dipole might be still virtual radiating gluons and regenerating its color field, but this radiation is to be absorbed by the co-movingq quark, so that the dipole momentum remains unchanged. Such a process of intrinsic radiation is illustrated in Fig. 3 . This cartoon describes the process of picking-up and acceleration of the light antiquark. It corresponds to the unitarity cut of aqq Reggeon, and the radiated gluons give rise to reggeization of theqq exchange. Thus, the heavy quark, being a constituent of the Qq dipole, keeps losing energy, sharing it with the light quark, with the same rate as in vacuum. he fractional LC momentum α of the light quark in the formed meson is very small, α ≈ m q /m Q , i.e. is about 15% and 5% for c and b quarks, respectively. In what follows for the sake of concreteness we consider mostly production of B mesons. Extension to D mesons is straightforward.
As far as the rate of radiational vacuum energy loss dE/dL at L < L p is known, one can relate the production length distribution W (L p ) to the b → B fragmentation function D b/B (z). Indeed, the argument z of the fragmentation function is related to the energy/momentum loss,
where the LC momentum p b + = E + E 2 + m 2 b and its reduction ∆p b + are directly related to the quark energy E and energy loss ∆E, Eq. (2). Correspondingly, p
In both cases we neglect the transverse momenta, small in comparison with the heavy flavor masses.
With these kinematic relations and the results of the parameter-free perturbative calculation of ∆E, Eq. (2), the L p distribution can be directly connected to the fragmentation function,
where the production length distribution and the fragmentation function are normalized to unity,
Thus, calculating the shift of fractional momentum ∆p b + (L) acquired on the path length L due to gluon radiation, one can extract the production length distribution directly from data for D b/B (z). This is a parameter-free and model independent procedure. Fig. 4 shows the L p dependence of production length distribution dW/dL p and clearly demonstrates that the mean value of L p shrinks with rising p T , like it happens for production of high-p T light hadrons [7] .
Notice that these distances are much smaller than the confinement radius L p << 1/Λ QCD , i.e. the fragmentation process so far proceeds in the perturbative regime [11]. Therefore, a large size heavy-light meson cannot be produced, but only a small-size colorless Qq dipole, which does not have a certain mass. According to the uncertainty principle the dipole takes time to form the hadron wave function and acquire a certain mass. This time scale is called formation time or length. The initially produced bq dipole can be expanded over the eigenstates of the mass matrix, i.e. physical states with certain masses ranging from very heavy M ∼ m 2 b + p 2 T down to m B . The further evolution filters out the states with large relative phase shifts. The longest time takes discrimination between the two lightest hadrons, the ground state B and the first radial excitation B , which concludes the formation process. Correspondingly the full formation path length is,
It is controlled by the binding potential. E.g. for oscillatory potential m B − m B = 2ω = 0.6 GeV, so
III. SUMMARY
We demonstrate that the production of heavy flavored mesons reveal new nontrivial features in comparison with light hadrons:
• The heavy and light quarks originated from high-p T hadronic or e + e − collisions radiate very differently. Heavy quarks are subject to the dead-cone effect and radiate a significantly smaller fraction of the initial energy regenerating their stripped-off color field much faster than light ones.
• This leads to a specific shape of the fragmentation functions for heavy-quark jets. Differently from light flavors, the heavy quark fragmentation functions strongly peak at large fractional momentum, z ∼ 0.60 ÷ 0.65 and z ∼ 0.85 for c → D and b → B respectively, i.e. the produced heavy-light meson, B or D, carry the main fraction of the jet momentum.
• The hadronization length distribution is directly related to the measured heavy quark fragmentation function, Eq. (6), in a model independent way. The production length distribution depicted in Fig. 4 is concentrated at extremely short distances, quite shorter than the confinement radius. This implied a pure perturbative mechanism of heavy quark fragmentation.
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